This paper describes the effects of the enclosure and its inlet on the performance of axial air-cooling fans installed in electronic equipment. The performance of an air-cooling fan is defined by its P -Q (pressure difference -flow rate) curve. Recent studies have reported that the P -Q curve of cooling fans depends on their operating environment. P -Q curves are normally used to define the performance of fans in the computational fluid dynamics (CFD) codes. Therefore the change of the P -Q curve may cause inaccurate CFD analyses to be performed in the thermal design of electronic equipment, including cooling fans. In this study, we measured the performance of test fans in an enclosure and explored the effects of the inlet size and shape while varying the speed of revolution of the fan. In particular, the static pressure difference between the front and rear of fans installed in a test enclosure was investigated. Our experiments clarified the effect of the enclosure on fan performance. The level of decrease of the maximum flow rate was found to be determined by the size of the inlet area, and was independent of the shape of the inlet and the revolution speed of the fan.
Introduction
Forced convection driven by cooling fans is the commonest strategy for dissipating heat from electronic equipment. The performance of a cooling fan is defined by its P -Q curve, which is the relationship between the fan's static pressure difference (∆P) and the supply flow rate (Q). Figure 1 shows an example of the relationship between the P -Q curve and the flow resistance curve (1) . Generally, the operating point of a fan, which is the operating pressure and the flow rate in a system, is the point of intersection of the P -Q curve and flow resistance curve (2) .
simple catalog values (5) . Catalog values are usually measured using the chamber method in accordance with a measurement standard such as JIS B 8330 (6) .
Recently, however, problems caused by fan performance being affected by environmental conditions have been reported by some researchers (4) (7) . Catalog values measured using the chamber method are obtained under ideal conditions that differ markedly from actual operating conditions. In electronic equipment with high-density packaging, many components such as printed circuit boards (PCBs), capacitors, and electronic chips are mounted near the cooling fan, as shown in Fig. 2 . This might change the P -Q curve. Hence, if the current catalog values are used in thermal design of high-density packaging electronic equipment such as Fig. 2 , there is a risk that calculation accuracy may be lost. A quantitative understanding of how a fan's performance is affected by its actual operating environment is therefore required. Some studies (4)(8) (9) have reported the effects of obstacles, designed to imitate PCBs, in front of a fan. On the other hand, fan performance may be affected by other factors that have an impact on the fan's operating conditions. We have therefore focused our attention on the effects of the enclosure of electronic equipment, in which cooling fans are normally mounted. Some studies have reported on fan cooling in the enclosure of electronic equipment. Grimes et al. (10) investigated flow patterns in test electronic equipment with an axial fan and proposed guidelines on the choice of a numerical model. Grimes and Davies (11) reported on air flow and heat transfer in electronic equipment with a test circuit board cooled by a fan. These studies examined flow fields in electronic equipment using a test enclosure and PCB. However, the design of such enclosures varies according to the designer and customer requirements. Moreover, the inlet through which cooling air enters the internal space of the enclosure also has various shapes and sizes for reasons of design, dust control, etc. A detailed and systematic investigation has not yet been carried out to elucidate the effects of the electronic equipment itself on fan performance, particularly the effects of the equipment enclosure and inlet conditions that may change the flow field in 
Journal of Environment and Engineering
Vol. 6, No. 3, 2011 front of the fan. There is thus an urgent need for a quantitative understanding of how fan performance is affected by the conditions of the operating environment, in order to realize more accurate thermal design. With this as a background, we have been working on the development of a prediction model for cooling fan performance, which changes according to the environmental conditions around the fan such as the enclosure and electronic parts, to improve the accuracy of thermal design (12) . In the present study, we focused on the effects of the enclosure and the inlet area on fan performance and investigated these effects experimentally. To determine changes in the P -Q curve caused by the enclosure and its inlet, we installed a test enclosure in front of a test fan and measured the P -Q curve in the enclosure. We then explored the effects of the inlet size and shape while changing the revolution speed of the test fan. 
Experimental Method

Differences between Chamber Method and Our Measurement Method
Before we discuss the fan performance change caused by the enclosure, we explain the way we measure the fan performance in the enclosure. Figure 3 shows the definition of the fan pressure in the measurement system. Figure 3 (a) shows the definition of the standard chamber method. In the standard chamber method, we measured the static pressure difference between the chamber and the atmosphere ∆P ca as fan's pressure rise. This is because dynamic pressure generated by the fan becomes zero when the pressure measurement position is far from the fan. Then ∆P ca can be assumed total pressure difference between the front and rear of the fan. We hereafter call P -Q curves measured using the standard chamber method simply "the P -Q curve". In addition, we hereafter call the above standard chamber method simply "the chamber method". However, when the cooling fan operates in electronic enclosures as shown in Fig. 3 (b) , the flow around the fan is restricted by enclosure walls. The enclosure walls change the flow condition around the fan from the chamber method and the change of flow condition may affect a relationship between the fan pressure and the flow rate. We therefore tried to measure the fan performance in the enclosure by mounting the test enclosure in front of the fan, as shown in Fig. 3 (b) . To accurately predict the operating point of the fan, the fan pressure should be defined as the pressure difference between the front and the rear of the fan impeller. This definition is normally used in the commercial CFD codes as the fan pressure. However, it is difficult to measure the pressure around the fan impeller directly. We therefore measured the static pressure difference between the chamber and a static pressure tap installed on the enclosure wall at a position 20 mm in front of the fan, ∆P ces as shown in Fig. 3 (b) , and used that value as the fan pressure in the enclosure. Hereafter, the relationship between ∆P ces and the supply flow rate is referred to as "the ∆P ces -Q curve" and we hereafter call the measurement as shown in Figure 3 ( effect of change of flow condition around the test fan on the relationship between the fan pressure and the flow rate by using ∆P ces -Q curve. To discuss the change from the P -Q curve, we compared the ∆P ces -Q curve with the P -Q curve. Figure 4 shows a schematic diagram of our system for measuring fan performance in the enclosure measurement. It comprises an enclosure part that models the external enclosure of electronic equipment and the chamber method measurement system designed by Nakamura and Igarashi (13) based on JBMS-72-2003 (14) . This system is made up of an enclosure part with a flow inlet plate, a chamber part, an orifice, a valve, and an assist fan. Removal of the enclosure converts the system to the chamber method measurement system. The flow rate Q was measured at the orifice; however, since the flow rate could not be measured directly, we first measured the pressure difference in the orifice ∆P or , then calculated the flow rate using a relational expression between ∆P or and Q for that particular orifice. The orifice employed was a corner tap type based on JIS Z 8762 (15) . However, JIS Z 8762 defines the relational formula in a narrow range of experimental conditions, in which the Reynolds number in the orifice Re or is greater than 5000. In this experiment, because the regular flow rate of the measured fans was small, Re or was less than 5000. We performed a correction for the orifice and developed a relational expression for use under Re or ≤ 5000 conditions using a highly accurate positive displacement type flowmeter (Oval, GAL55; range: 650-10,000 l/min). The relational formula is as follows:
Measurement System
where Q is the flow rate, ∆P or is the pressure difference at the orifice, and ρ is the air density. The accuracy of the formula was evaluated using the SEE value (16) ; that is, the standard error of estimate in the least squares regression. Generally, SEE is defined by the following formula:
where
/s] is the flow rate measured by the flowmeter,
/s] is the flow rate predicted by Eq. (1), N is the number of all experimental data, and C is the number of constants including the correction formula. A smaller SEE means that the range of error when predicting will be smaller. The SEE value in Eq. (1) flow rate was changed using a valve in order to vary the experimental conditions. Any pressure loss in the measurement system was compensated for by operating an assist fan. Tables 1 and 2 list the properties of the fans measured in this study, and Fig. 5 shows the definitions of the fan parameters. In this study, two types of 40 mm-scale fans, with a fan case of about 40 mm x 40 mm in size, were used. We assumed a situation in which a fan is used in small electronic equipment containing high-density packaging with very high flow resistances. Fan (A) was a San Ace 40 model manufactured by Sanyo Denki, with a constant rotation speed of 7700 rpm. Fan (B) was an ICFAN 0410-24 model manufactured by Shicoh, with a constant rotation speed of 6000 rpm. We performed experiments using these fans and compared the results obtained. The flow area of the fan A f and the tip diameter of fan (A) d tA were used to set separate experimental conditions for the enclosure and the inlet size as the standard. Figure 6 shows a schematic diagram of the experimental enclosure used in the enclosure measurement. Air flows into the enclosure from the inlet, is drawn in by the fan, and finally reaches the chamber part next to the enclosure via the fan. The experimental enclosure was made of acrylic. The cross section was square under all experimental conditions. Dimensions were set using the tip diameter of fan (A) d tA as the standard. The width and the height of the enclosure were set at d tA and the length was set at 3d tA . In addition, when evaluating the fan performance with ∆P ces , we performed the measurement using a static pressure tap of 1 mm in diameter on the wall of the enclosure. The distance between the front of the fan and the pressure tap was set at 20 mm. The position of the tap was determined according to the pressure distribution in the enclosure, which was obtained during exploratory CFD analysis. The tap was set outside of the area affected by a decline in static pressure resulting from flow acceleration by the fan. Figure 7 shows the shapes of the enclosure inlets, and Table 3 lists the experimental conditions for the inlet area. The inlet plates as shown in Fig. 7 and Table 3 was mounted in front of the enclosure as the inlet. The thickness of the inlet plates was 2.0 mm. The open Fig. 5 Definition of fan parameters size and shape were varied and the effects of the inlet conditions were investigated. The ratio of the inlet size A i divided by the profile area of the fan flow area A f is defined as the opening area ratio of the inlet β in . β in is expressed using the following formula:
Test Fans
Enclosure Properties
The value of β in was set at between 0.20 and 1.99. We also carried out fan performance measurements using the walls-only condition, which only the four walls of the enclosure were installed without an inlet plate, for comparison. The chamber method measurement was also performed and compared with the enclosure experiment. Table 4 shows the operating conditions of the test fan. We set two separate fan rotation speeds by adjusting the voltage supplied to the fan in question. First, the fan's operating condition was set at a normal rotation speed at all operating points by adjusting the supplied voltage. In the tests using fan (A), measurement at a rotation speed of 6700 rpm was also performed. The fan speed was checked during the measurements using a stroboscope (Testo, SR-475; range: 100-20,000 rpm).
Test Fan Operating Conditions
Although a cooling fan's operating speed is controlled by the supplied voltage, it will normally operate under constant voltage conditions, while its rotation speed will vary 20 mm Chamber method according to where it is installed. The fans were therefore also operated at a constant voltage in our experiments, whereas a regular rotation speed was used in chamber method.
We were then able to compare the results under each set of operating conditions. Here, JBMS-72-2003 (14) defines that the operating condition of the fan is the constant voltage condition. However, when we perform the fan performance measurement using the constant voltage condition, the rotation speed of the fan is necessarily changed according to the operating point. To avoid the change of the rotation speed, we performed the fan performance measurement using the constant rotation speed condition. In addition, we also measured the fan performance using the constant voltage condition for comparison. 
Used experiment
The chamber method The enclosure experiment
The chamber method The enclosure experiment Standard chamber method (14) Normally, the fan performance is measured under constant voltage conditions.
Definition of Nondimensional Pressure and Flow Rate
We evaluated fan performance using the relationship between the nondimensional flow rate (Q / Q max,ch ) and the nondimensional pressure difference (∆P ces / ∆P max,ch ). The parameters Q max,ch and ∆P max,ch are, respectively, the maximum flow rate and the maximum static pressure of the fan measured using the chamber method. Here, we defined the maximum flow rate under each inlet condition as the flow rate when the pressure difference between the chamber and the atmosphere ∆P ca became 0 Pa, because the target of this study was electronic equipment operating in ambient atmosphere.
Experimental Results
Effect of Enclosure
We describe the relationships between the fan pressure and flow rate of the fan which is installed in the enclosure using Figs. 8 to 11. To begin with, Figs. 8 to 11 show the ∆ P ces -Q curves measured in the system shown in Fig. 3 (b) with the P -Q curve for a comparison. Where, the vertical axis of the results for the chamber method denotes ∆P ca / ∆P max,ch. , since the fan pressure by the chamber method is taken as the pressure difference between the chamber and the atmosphere. The solid line denotes the P -Q curve measured using the chamber method, while the dashed line denotes the ∆ P ces -Q curve in the case of the walls-only condition in which only the four walls of the enclosure were installed without a inlet plate. Each plot represents the ∆ P ces -Q curve measured in the enclosure for a given inlet size. Here, from the P -Q curve, it can be seen that the pattern of the P -Q curve changes at the surge point as shown in Fig. 1 . From the surge point to the point of no flow, the static pressure is raised to overcome larger flow resistance for smaller volume flow rate due to a flow separation occurrence around the fan impeller. On the other hand, from the surge point to the point of maximum flow, the flow separation around the impeller is suppressed and the static pressure is reduced for a larger volume flow rate. This difference may cause the change in the P -Q curve pattern around the surge point. Figure 8 shows the ∆P ces -Q curves of fan (A) measured in the test enclosure with each size of circular inlet under a constant rotation speed. First, we compare the difference between the ∆P ces -Q curve obtained from the walls-only tests and the P -Q curve. The ∆P ces -Q curve in the case of walls-only tests gave higher pressure than the P -Q curve when the fan supplied a larger flow rate than that at the surge point. In particular, there was a remarkable increase in the ∆P ces -Q curves around the surge point. The difference between the ∆P ces -Q curve and the P -Q curve under the above conditions may be caused by the change in the flow line distribution in front of the fan, where the airflow would be straightened by the enclosure wall. The ∆P ces -Q curves were a little shifted up when the fan supplied a larger flow rate than that at the surge point. The ∆P ces -Q curves were not shifted in the range of Q / Q max,ch = 0.0 to the surge point.
Kawaguchi et al. (17) reported that static pressure under a larger flow rate condition was raised when a turbulence grid plate, which generates turbulence in the inlet flow, was installed near the fan. There is a possibility that inlet flow condition may affect the fan performance. So the pressure rise in the large-flow-rate area may be caused by the flow-straightening effect of the enclosure walls. Next, we describe the difference of ∆P ces -Q curve in each inlet condition. When β in > 1.00, obtained ∆P ces -Q curves at each inlet condition were almost the same as in the walls-only result. Under β in > 1.00, the opening area of the inlet was larger than the fan flow area. As a consequence, there was little difference in the effects of the pressure loss caused by the inlet area on the static pressure in the enclosure, and therefore little effect of the inlet to the generation of the difference of ∆P ces -Q curve according to the inlet size. On the other hand, when β in < 1.00, the ∆P ces -Q curve shifts up from the ∆P ces -Q curve of the walls-only condition. The reason why the pressure differences under β in < 1.00 conditions become higher than the walls-only curve is as follows. The flow pattern into the enclosure is changed to a jet flow by the narrow inlet. So the pressure distribution in front of the fan becomes distinguished, and the static pressure difference at the enclosure walls on which the pressure tap is installed becomes conspicuously larger. Therefore, the measurement result of ∆P ces increases apparently. However, the maximum flow rate depended on the β in value. Figure 9 shows the results of the same experiment as in Fig. 8 , performed using fan (B). The ∆P ces -Q curves show the same overall pattern as in Fig. 8 . In contrast with Fig. 8 , however, in Fig. 9 differences can be seen between the results with the enclosure and the chamber method results in the low-flow-rate area. There is a possibility that differences in the fan's blade shape or differences in rotation speed may be the cause of these differences. Figure 10 shows the ∆P ces -Q curves of fan (A) measured in the test enclosure with each square type inlet under constant rotation speed condition. In addition, Fig. 11 shows the ∆P ces -Q curves of fan (A) measured in the enclosure with circular type inlets in the case of a constant rotation speed set at 6700 rpm. From a comparison with Fig. 8 , we can say that the pattern of the ∆P ces -Q curve was not changed by the inlet shape and the rotation speed.
Relationship between Inlet Opening Area Ratio and Maximum Flow Rate
We investigated the relationship between the opening area ratio of the inlet and the maximum flow rate using Fig. 12 . Each set of experimental results exhibits almost the same pattern, regardless of the type of test fan, inlet shape, and rotation speed. We conclude that the reduction of the maximum flow rate is determined by the opening area ratio only. In addition, the maximum flow rate falls when β in < 2.00. Hence, when the inlet area becomes smaller than twice the fan flow area, restriction of inlet changes the fan's supply flow rate. Nakamura et al. (18) reported that the maximum flow rate fell down when the opening area of the gap between the fan and a obstruction was smaller than twice the fan flow area. Our results show the same trend. From this viewpoint, it is quite likely that the maximum flow Fig. 12 Relationship between inlet opening area ratio and maximum flow rate rate of a fan may be determined simply by the area of the opening around the fan, especially if the flow is restricted by an enclosure with a small inlet or by high-density packaging in front of the fan.
Comparison of Fan Operating Conditions
In the previous discussion, we described the fan performance in the enclosure using the experimental results under the constant rotation speed condition. However, normally the fan operates in equipment under constant voltage conditions. We confirmed the differences between the results obtained under the constant rotation speed conditions and constant voltage conditions for fan (A). Figure 13 shows the results of fan (A) with circular type inlets having β in values of 1.00 and 1.99, respectively, under the above mentioned both operating conditions. The solid line denotes the P -Q curve under the constant rotation speed condition. The dashed line denotes the ∆ P ces -Q curve under the constant voltage condition. The square plots represent the ∆ P ces -Q curve under the constant rotation speed condition. The circular plots represent the ∆ P ces -Q curve under the constant voltage condition.
To begin with, we describe the difference of the P -Q curves under both operation conditions. When the fan supplied a lower flow rate than that at the surge point, the pressure of the P -Q curve under the constant rotation speed condition is higher than the P -Q curve under the constant voltage condition. When the fan supplied a lower flow rate than that at the surge point under the constant voltage conditions, rotation speed fell from the normal speed. This decreases the static pressure. The reason for this decrease may be the increase in the frictional resistance of the fan blades caused by the occurrence of a flow separation around the fan impeller. On the other hand, the rotation speed is held steady under the constant rotation speed condition by adjusting the supplied voltage; that is, the supplied voltage is raised to adjust the rotation speed. As a result, the rotation speed under the constant rotation speed condition is faster than that in the constant voltage condition when the flow rate is lower than that at the surge point. The static pressure in the constant rotation speed condition therefore becomes relatively higher. In contrast, when the fan supplied a higher flow rate than that at the surge point, the patterns of P -Q curve under both operation conditions become almost same. This is because the flow separation around the fan blades is suppressed in the range of the surge point to the point of maximum flow. The change of rotation speed is little when the fan operates under constant voltage condition. The same tendency is observed in the ∆ P ces -Q curve. When the fan supplied a lower flow When the fan supplied a higher flow rate than at the surge point, both curves become almost same. In addition, the ∆P ces -Q curve under the constant rotational speed condition fits the P -Q curve under same condition in the range of the zero flow point to the surge point. From the surge point to the maximum flow point, the ∆P ces -Q curve under the constant rotational speed condition shifts up from the P -Q curve under same condition. The same tendency is observed in the results under the constant voltage condition. From the surge point to the maximum flow point, the ∆P ces -Q curve under the constant voltage condition raises from the P -Q curve under same condition. Therefore, the ∆P ces -Q curve under each operating condition is shifted from the P -Q curve under same operating condition of the ∆P ces -Q curve. The ∆P ces -Q curve thus shifts from the P -Q curve regardless of operating conditions of the fan.
We therefore conclude that there are differences in static pressure between constant voltage conditions and constant rotation speed conditions when the fan supplied a lower flow rate than that at the surge point. However, when the flow rate is greater than the surge point, little difference is evident. Moreover, ∆P ces -Q curve under each operating condition are shifted from the P -Q curve of each operating condition.
Total Pressure Change in Enclosure
In the above discussion, we have described the effects of the enclosure, inlet, and fan operating conditions on the relationship between the fan pressure and the flow rate using the ∆P ces -Q curve. Figure 14 shows an image of the static pressure and the total pressure change in the enclosure. As can be seen in this figure, actually dynamic pressure is generated in the enclosure. Hence, we should evaluate the difference in total pressure inside the enclosure and inside the chamber ∆P cet as the fan pressure. In the above discussion, however, we did not describe the effect of the dynamic pressure on the fan pressure difference. We therefore tried to predict the total pressure difference ∆P cet from the experimental results in the following way. First, the dynamic pressure in the enclosure was calculated using the following formula:
where P ed [Pa] is the predicted dynamic pressure and U e [m/s] is the bulk mean velocity in the enclosure. Then, the total pressure difference ∆P cet was calculated using Eq. (5):
Here, we only evaluated the dynamical pressure in the enclosure. The dynamic pressure in the chamber is not included. This is because the velocity in the chamber becomes zero and the static pressure, which is measured by the static pressure hole on the chamber wall, can replace the total pressure. The effect of the dynamic pressure was then evaluated from the obtained ∆P cet -Q curves. Figure 15 shows a comparison between the ∆P ces -Q curves and the ∆P cet -Q curves of fan (A) with a circular inlet under the constant fan speed condition. A few differences between ∆P ces and ∆P cet were observed. Because the mean velocity in the enclosure U e was about 2 m/s at a maximum, the predicted dynamic pressure was small. The differences between ∆P cet and ∆P ces were consequently also small. From these results, we conclude that the relationship between the flow rate and the total pressure rise is also changed by the effects of the enclosure and the inlet.
Conclusions
In the present study, we experimentally investigated the effects of the enclosure and the inlet area on fan performance. To clarify the changes of the relationship between the supply flow rate and the pressure rise of the fan installed in the enclosure, we installed test enclosures in front of test fans and measured the relationship between the static pressure differences in front of and behind the fan and the supply flow rate. The following information was obtained experimentally.
A fan's performance varies due to the effect of an enclosure in front of the fan. The pressure characteristic is changed by about 10 % due to the effect of the enclosure. The surge point is the threshold flow rate at which fan performance begins to be affected by the enclosure. This also causes an error in the prediction of the fan's operating point; that is, the predicted intersection point of the P -Q curve and flow resistance curve in a system. Since almost all electronic equipment is mounted in an enclosure, this change in performance may be one of the reasons for the low accuracy of prediction of a fan's operating point in the thermal design process.
The maximum flow rate falls when the inlet area becomes smaller than twice the fan flow area. When the inlet is narrowed to less than the fan flow area, a decrease in the notable flow rate is caused. To avoid such a decrease in cooling performance, the area of the inlet of the enclosure should be more than twice the fan flow area.
There are differences in static pressure between constant voltage conditions and constant rotation speed conditions at low flow rates. However, when the flow rate is greater than the surge point, little difference is evident. 
